Characteristics of heteroduplex DNA illuminate how strands exchange during homologous recombination, but mismatch correction can obscure them. To investigate recombination mechanisms, meiotic crossover products were analyzed at two hotspots in Msh2 -/mice containing homologous chromosomes derived from inbred strains. Recombination frequencies were unchanged in the mutant, implying that MSH2-dependent recombination suppression does not occur at this level of diversity. However, a substantial fraction of crossover products retained heteroduplex DNA in the absence of MSH2, and some also had multiple switches between parental markers suggestive of MSH2-independent correction. Recombinants appeared to reflect a biased orientation of crossover resolution, possibly stemming from asymmetry at DNA ends established in earlier intermediates. Many crossover products showed no evidence of heteroduplex DNA, suggesting dismantling by D-loop migration. Unlike the complexity of crossovers in yeast, these two modifications of the original double-strand break repair model may be sufficient to explain most meiotic crossing over in mice.
INTRODUCTION
Crossing over between homologous chromosomes is essential for their proper segregation at the first meiotic division. Heteroduplex DNA, consisting of a strand from each homolog, arises during crossover formation and can encompass mismatches at sequence polymorphisms. The position and length of heteroduplex DNA have yielded insights into fungal meiotic recombination mechanisms by revealing how DNA strand information is exchanged during the recombination process. Despite decades of study, however, key questions remain about the mechanism of crossing over, particularly in mammalian meiosis where heteroduplex DNA structures of recombination intermediates remain largely untapped.
Meiotic recombination is initiated by the formation of programmed double-strand breaks (DSBs) (Keeney et al., 1997) . After resection, one DNA end invades the homolog to form a displacement (D) loop, which then captures the second DNA end to form a double Holliday junction (reviewed in (Gray and Cohen, 2016) ). Although they involve distinct biochemical activities, both steps-strand invasion and second end capture-result in the formation of heteroduplex DNA. Szostak and colleagues proposed that double Holliday junction resolution gives rise to two crossover and two noncrossover configurations, depending on the placement of paired nicks at each junction (Szostak et al., 1983) . Subsequent studies in both yeast and mice have demonstrated, rather, that most noncrossovers arise by mechanisms distinct from double Holliday resolution (Allers and Lichten, 2001a; Cole et al., 2014; Gilbertson and Stahl, 1996; McMahill et al., 2007; Wu and Hickson, 2003) . However, double Holliday junction resolution is still considered to be critical to crossover formation (Allers and Lichten, 2001b; Collins and Newlon, 1994; Schwacha and Kleckner, 1995) .
In mitotic and meiotic yeast cells, mismatches in heteroduplex DNA are corrected by Msh2-dependent mismatch repair pathways. The mismatch repair machinery also suppresses recombination between non-identical sequences through heteroduplex rejection (Borts et al., 2000; Chakraborty and Alani, 2016; Spies and Fishel, 2015; Tham et al., 2016) . Thus, in the absence of mismatch repair factors like Msh2, recombination between non-identical sequences is elevated and recombination products often show evidence of unrepaired heteroduplex DNA (Chen and Jinks-Robertson, 1999; Datta et al., 1996) . In mammals, MSH2 plays similar roles in heteroduplex rejection and correction of mismatches in heteroduplex DNA in mitotic cells (de Wind et al., 1995; Elliott and Jasin, 2001) , although these roles have yet to be shown in meiosis.
Genome-wide studies in budding yeast have identified thousands of crossover and noncrossover products (Anderson et al., 2015; Chen et al., 2008; Mancera et al., 2008; Mancera et al., 2011) , including more recently in msh2D mutants displaying heteroduplex DNA retention (Marsolier-Kergoat et al., 2018; Martini et al., 2011) . These latter studies observed complex heteroduplex DNA patterns in crossovers, leading to further modifications to the original DSB repair model including D-loop migration, double-Holliday junction migration, nick translation, template switching, and biased Holliday junction resolution.
Here, we probed mechanisms of meiotic recombination in mouse spermatocytes by defining spatial patterns of heteroduplex DNA through a comprehensive analysis of meiotic recombination products in Msh2 -/-F1 hybrid mice. We recovered hundreds of meiotic crossover and noncrossover products at two DSB hotspots with different levels of sequence divergence. Surprisingly, loss of MSH2 did not substantially change the recombination frequency. However, MSH2 plays an important role in mismatch correction during meiosis, allowing us to infer the presence of heteroduplex DNA. For an asymmetric hotspot in which DSB formation occurs mostly on one homolog, heteroduplex DNA was primarily observed on one side of recombinant molecules, suggesting that double Holliday junction resolution is surprisingly biased toward one of the possible configurations. Heteroduplex DNA presence was inferred in only a subset of crossover products and, moreover, these products had exchange points closer to the hotspot center than those without heteroduplex DNA. These features suggest an underlying asymmetry in the way the two DNA ends engage with the homolog and point to mechanisms to disassemble heteroduplex DNA at one of the DNA ends. We incorporate these features into a simple model of meiotic crossover formation which shares aspects with models proposed in other organisms, providing a framework for understanding fundamental meiotic recombination mechanisms from yeast to mammals.
RESULTS

Recombination frequencies at a symmetric hotspot are similar in wild-type and Msh2 -/mice
Msh2 -/and wild-type mice have equivalent numbers of MLH1 foci during meiosis ( Figure S1 ), however, it is not clear if loss of MSH2 affects crossover placement to favor less polymorphic hotspots. To address this, we performed recombination assays at two hotspots using sperm from wild-type and Msh2 -/-F1 hybrid mice which contain homologous chromosomes originating from two inbred strains, A/J (A) and DBA/2J (D).The C1 hotspot on chromosome 1 has a DSB hotspot spanning ~200 bp, with a center of DSB activity at bp 78,590,954 in C57BL/6J (B6) mice (GRCm38; relative position = 0 bp; formerly termed the "central" hotspot; (de Boer et al., 2015; Lange et al., 2016) ) ( Figure 1A) . The A and D mouse strains have identical sequences at the PRDM9 consensus motif to each other (and to B6) at this hotspot ( Figure S2A ), such that the C1 hotspot is symmetric, with DSB formation expected to occur at equal frequency on both homologs. Within the 2.0 kb assayed, A and D have 0.6% polymorphism density, mostly from single nucleotide polymorphisms (SNPs), although a 16-bp indel is present ~20 bp upstream of the hotspot center ( Figure 1A , Figure S2A ). The next closest polymorphism to the hotspot center is a SNP located 74 bp downstream.
To specifically amplify crossover products at C1, nested PCR was performed on small pools of sperm DNA (~100-200 haploid genomes per pool) using allele-specific forward and reverse primers of opposite haplotypes (i.e., A to D or D to A; Figure 1B -D, Figure S3A ). To map exchange points, crossover products were probed with allele-specific oligonucleotides to identify the parent-of-origin of the polymorphisms. The 16-bp indel adjacent to the hotspot center was genotyped by PCR ( Figure S2A ).
We analyzed ~9 x 10 5 sperm genomes per mouse from two sets of littermates and recovered 308 positive wells with crossover products from wild type and 326 from Msh2 -/for Poisson-adjusted frequencies of 0.071% and 0.077%, respectively (p=0.40, Fisher's exact test; Figure 1B ; Table S1 ). Although some variation was noted between the pairs of mice, this was unrelated to MSH2 status (Table S1 ). The similar frequencies suggested that neither density nor positions of polymorphisms trigger a significant MSH2-dependent suppression of recombination. As expected for reciprocal exchanges, the frequencies were similar for both the A-to-D and Dto-A orientations for wild-type and Msh2 -/mice ( Figure 1C ,D). Crossover activity was determined by mapping the exchange interval for each crossover product (Figure 1B-D; Figure  S3C ). Broadly similar maps were observed for each orientation and for both orientations combined for wild-type and Msh2 -/mice, as expected for a symmetric hotspot with similar DSB activity on both chromosomes.
To determine whether MSH2 affects noncrossover products at C1, nested PCR was performed on small pools of sperm DNA (~15-60 haploid genomes per pool) using allelespecific forward and universal reverse primers ( Figure S3B ). From ~3 x 10 4 sperm, we recovered 50 wells with a noncrossover product from wild type and 60 from Msh2 -/for Poissonadjusted frequencies of 0.338% and 0.387%, respectively (p=0.57, Fisher's exact test; Figure  1E ,F, Table S2 ). More noncrossover products were identified on the D chromosome than the A chromosome, but note that the 16-bp indel was genotyped only on the D chromosome. Each conversion tract from wild-type mice contained a single polymorphism, while five tracts in Msh2 -/contained contiguous conversions, which are potential co-conversions (p=0.06, Fisher's exact test). However, two wells from wild-type mice contained two non-contiguous conversions (asterisks, Figure 1E ), suggesting distinct noncrossovers, which is within the range for more than one event in the same well, as predicted assuming a Poisson distribution (Table S2) .
A highly polymorphic, asymmetric hotspot also shows similar recombination frequencies in wild-type and Msh2 -/mice
Results at C1 suggest that MSH2-dependent heteroduplex rejection either does not occur during meiosis or that the density of mismatches at C1 is not high enough to trigger a MSH2-dependent response. To investigate the latter possibility, we examined another wellcharacterized hotspot, A3 (Cole et al., 2014; . A3 is on the distal end of chromosome 1, with the DSB hotspot spanning ~250 bp with the center of DSB activity at bp 160,025,733 in B6 (relative position = 0 bp; Figure 2A ). Due to polymorphisms within the consensus binding site ( Figure S2B ), PRDM9 binds with the hierarchy D > B6 > A at A3 (Cole et al., 2014) , such that in F1 hybrids this hotspot is asymmetric, with the majority of DSBs occurring on the D chromosome. Within the 2.4 kb assayed, A and D have 1.8% polymorphism density-about 3-fold higher than the C1 hotspot-with 41 typed polymorphisms. Other than SNPs, polymorphisms include 2-bp and 3-bp polymorphisms, and three small indels ( Figure 2A , Figure S2B ).
We recovered 483 positive wells with crossover products from 1.7 x 10 6 wild-type sperm genomes and 474 positive wells from 1.6 x 10 6 Msh2 -/sperm, among three littermate pairs, for combined Poisson-adjusted frequencies of 0.061% and 0.062%, respectively (p=0.75, Fisher's exact test; Figure 2B , Table S1 ). Therefore, MSH2 also does not significantly affect crossover frequency at this highly polymorphic hotspot. A-to-D exchanges occurred with greater frequency to one side of the hotspot center ( Figure 2C ) and D-to-A exchanges to the other side ( Figure  2D ), as expected for an asymmetric hotspot with DSB formation primarily on one chromosome. Crossover maps were also generally similar between wild type and mutant, although we note more exchanges in Msh2 -/in the intervals flanking the 12-bp indel at the hotspot center, possibly indicating that this indel is affecting the exchange position more strongly in the mutant.
As with crossovers, MSH2 does not significantly affect noncrossover frequency at A3. We identified 136 wells with a noncrossover product from 6 x 10 4 wild-type sperm and 173 wells from 7 x 10 4 Msh2 -/sperm, among three littermate pairs, for combined Poisson-adjusted frequencies of 0.48% and 0.51%, respectively (p=0.69, Fisher's exact test; Figure 2E ,F, Table  S2 ). For both genotypes, the noncrossover frequency was higher on the D chromosome than the A chromosome, as expected from better PRDM9 binding to the A3 hotspot on the D chromosome. Some variability was noted for the frequencies of noncrossovers on the two chromosomes between wild type and mutant; however, variability was largely due to one of the three littermate pairs for each chromosome (Table S2) .
In both genotypes, the A chromosome showed a dispersed noncrossover pattern across the interval (Figure 2E ), while the D chromosome had a more clustered pattern near the hotspot center ( Figure 2F ), as previously observed . A fraction of wells contained noncontiguous conversions, suggesting two (or more) independent noncrossovers in both wild type and mutant (asterisks, Figure 2E ,F), as predicted by the Poisson distribution (Table S2 ). Conversion of contiguous polymorphisms was also seen in noncrossovers from both wild type and Msh2 -/-(29% and 21%, respectively), especially on the D chromosome at the four most central polymorphisms.
MSH2-dependent correction of heteroduplex DNA within crossover products
We identified three types of crossover products ( Figure 3A ; Figure S3C ): simple, with one switch between parental haplotypes within a single interval ( Figure 4 ); mixed, with both genotypes present for each polymorphism between the exchange intervals ( Figure 5A , 6A); and complex, with two or more haplotype switches, possibly also including both genotypes at some polymorphisms ( Figure 5B , 6B).
Simple crossover products were the majority at C1 in both wild type and Msh2 -/-, but were fewer by ~20% in the mutant (p≤0.0001, Fisher's exact test; Figure 3Bi ). This reduction primarily reflected an increase in mixed crossovers, which were 23.9% of recombinants in Msh2 -/-. Mixed crossover products would arise from uncorrected heteroduplex DNA in a single crossover product; however, two independent simple crossovers with staggered exchange points in the same well would also appear as a mixed product ( Figure S2D ). For wild type, the fraction of wells expected to contain two independent recombinants assuming a Poisson distribution (4.1%) is similar to the observed percentage of wells with mixed crossover products (4.5%; p=0.69, Chi-square test). For Msh2 -/-, two independent recombinants are expected in a similar percentage of wells (5.0%), but wells with mixed crossover products were observed at a ~5-fold higher frequency (p≤0.0001, Chi-square test). Thus, most of the mixed crossovers in the absence of MSH2 are expected to be single crossover products with heteroduplex DNA tracts.
Broadly similar results were obtained at A3, although simple crossover products, while still predominating, were a smaller fraction of the total in both genotypes. The higher polymorphism density may have led to fewer simple crossover products and/or increased the ability to detect other types. Simple crossover products were again less frequent in Msh2 -/-(p≤0.0001, Fisher's exact test; Figure 3Bii ). In wild type, mixed crossover products (11%) exceeded the expectation for two independent crossover products in the same well (5.6%; p≤0.0001, Chi-square test), suggesting that some mixed crossover products are single crossover products with uncorrected heteroduplex DNA. In Msh2 -/-, the fraction of mixed crossover products (22.2%) was ~4-fold higher than the Poisson estimate (5.6%; p≤0.0001, Chisquare test), again implying that persistent heteroduplex DNA was more common in the absence of MSH2. For A3, the mean minimum mixed tract length from Msh2 -/was 252 bp in the D-to-A orientation and 194 bp for A to D ( Figure 3C , 6A).
Mixed polymorphisms were observed throughout zones extending ~700 to 800 bp from the hotspot centers, tapering off on both sides ( Figure 3B ). Limits of these zones may reflect the extent of DMC1 binding (Lange et al., 2016) . Mixed polymorphisms were under-represented at the hotspot centers (for example, in A3 at the four central polymorphisms, which span ~50 bp), and at indels, including the 13 bp indel at A3 located 250 bp to the left of the hotspot center ( Figure 3B ).
Tracts with two or more mixed polymorphisms could in principle arise from heteroduplex DNA in which each strand is derived from one parental haplotype, or from heteroduplex DNA in which each strand contains switches between the two haplotypes ( Figure S4A ; (Hoffmann and Borts, 2005) ). To distinguish these alternatives, we cloned 29 amplicons containing mixed tracts at A3 from Msh2 -/mice and determined the haplotypes in multiple subclones. Each strand within every mixed tract derived from a single haplotype ( Figure S4B ). Thus, switches between parental strands in heteroduplex DNA in crossover products are infrequent if they occur at all.
Origin of complex tracts
Complex crossover products were infrequent at C1, but were a larger portion of products at A3 ( Figure 3B ). As with mixed crossover products, Msh2 -/mice had a greater proportion of complex crossover products, e.g., for A3, 17.1% in Msh2 -/compared with 7.2% in wild type (p≤0.0001, Fisher's exact test).
Three types of switches between parental haplotypes were observed in the complex crossover products ( Figure 3A , types i-iii). For Msh2 -/at A3, the most common (i) involved just one haplotype switch between the exchange intervals without evidence of heteroduplex retention (43 wells, 54% of complex crossover products) (Figures 3Ai, 6B ). These products could not arise from two independent simple crossover products in the same well because none of the polymorphisms were mixed ( Figure S3D ). Where tested, these complex products yielded identical subclones, confirming the presence of a single complex crossover product ( Figure  S4B , complex i). Other complex crossover products (ii) had fully converted polymorphisms plus a mixed tract (30 wells, 38% of complex crossover products) ( Figure 3Aii ). For example in some of these, subcloning showed that one strand had multiple haplotype switches between the exchange intervals, while the other strand had no switches ( Figure S4B , complex ii). The remaining six complex crossover products involved multiple switches of haplotypes without any mixed polymorphisms (8% of complex crossover products; Figure 3Aiii ). Although complex crossover products were less frequent in wild type, the observed types were similar.
Complex crossover products could have originated from a continuous heteroduplex tract in which mismatched polymorphisms were corrected in an MSH2-independent manner, for example, by short patch repair (Crown et al., 2014) . MSH2-independent correction appeared to be particularly robust at the 13 bp indel in A3 (Figure 3Bii ). Complex tracts were especially frequent to the left of the hotspot center in A3 where the polymorphism density is high ( Figure  6B ). We compared the lengths of the mixed and complex tracts at A3 by focusing on the numerous D-to-A crossover products from Msh2 -/-. Because complex crossover products involve at least two switches between parental haplotypes, we only considered mixed tracts covering at least two polymorphisms. The lengths of these mixed and complex tracts were similar ( Figure 3D ). Thus, it is conceivable that mixed and complex tracts arise from a common heteroduplex intermediate, but with some products experiencing MSH2-independent correction.
Alternatively, complex tracts could arise by other mechanisms, such as template switching, that produces tracts of a similar length.
Crossover patterns provide evidence for biased resolution
To gain insight into mechanisms of recombination, we grouped each type of crossover product according to the position of the exchange relative to the DSB hotspot . At the C1 hotspot with symmetric DSB formation, a similar number of simple exchanges occurred to the left and to the right of the DSB hotspot for both the A-to-D and D-to-A orientations in wild type and Msh2 -/-( Figure 4A ). Exchanges flanking the mixed tracts in Msh2 -/also occurred on either side of the DSB hotspot, although in a few cases the mixed tract spanned the hotspot ( Figure 5A ). Complex crossover products were too scarce to be informative ( Figure 5B ).
In contrast, DSBs at A3 form primarily on the D chromosome, leading to asymmetry in exchange positions. Simple exchanges ( Figure 4B ) and exchanges flanking the mixed tracts ( Figure 6A ) occurred primarily to the right of the DSB hotspot in the A-to-D orientation and to the left for the D-to-A orientation. The frequent complex crossover products in the D-to-A orientation showed a similar bias ( Figure 6B ).
In the simplest version of the canonical model for meiotic recombination, resolution of double Holliday junctions to give rise to crossovers occurs in two configurations, yielding two distinct patterns of heteroduplex DNA ( Figure 7A ). Considering a DSB on the D chromosome at A3, resolution configuration #1 (filled arrowheads) would tend to yield heteroduplex DNA to the left of the DSB hotspot in the D-to-A orientation, while resolution configuration #2 (open arrowheads) would lead to a patch of full conversion to the left of the DSB hotspot and heteroduplex DNA on the right ( Figure 7A ). Our finding that mixed and complex tracts in the Dto-A orientation were mostly to the left (89 of 110; Figure 6A ,B) is therefore consistent with resolution primarily by configuration #1. The fewer mixed and complex tracts on the right side (15 of 110) would also be consistent with resolution configuration #1 when a DSB formed on the A chromosome ( Figure S5A ). The few remaining crossover products with mixed and complex tracts that span the DSB hotspot were more ambiguous but constitute only a small fraction of the total (6 of 110). As expected, an opposite bias was obtained in the A-to-D orientation: Mixed and complex tracts were primarily to the right of the DSB hotspot (61 of 72; Figure 6A ,B), with few to the left (9 of 72) or spanning the DSB hotspot (2 of 72), again supporting frequent resolution by configuration #1.
In addition to considering the sidedness of the mixed and complex tracts relative to the hotspot center, we also considered the position and length of the mixed tracts within complex crossover products. Resolution configuration #2 without MSH2-independent mismatch repair is predicted to yield a patch of full conversion together with a mixed tract, which is similar in length to mixed tracts generated by resolution configuration #1. Only a few crossover products had this pattern (10 of 182; open arrowheads, Figure 6B ), suggesting that this resolution configuration is rare. Moreover, mixed tracts within them typically involved a single polymorphism and thus were much smaller than tracts from mixed crossover products which encompassed multiple polymorphisms (~14-fold smaller, Figure 6C ). It is possible that MSH2-independent mismatch correction could operate on many of the products arising from resolution by configuration #2, masking their origin. However, the similar overall mean length of the mixed and complex tracts ( Figure 3D ) is more consistent with a common intermediate from resolution by configuration #1.
DISCUSSION
Similar meiotic recombination frequencies in wild-type and MSH2-deficient mice
Mammalian meiotic recombination must accommodate sequence differences between alleles without being so permissive as to risk frequent recombination between diverged, yet abundant, non-allelic repeats, which would lead to gross genome instability . The two hotspots we examined have 0.6% and 1.8% polymorphism density between strains, which apparently is not sufficient to trigger heteroduplex rejection during meiosis, given that both crossover and noncrossover frequencies were similar in wild-type and Msh2 -/mutant mice. This degree of sequence divergence has been shown to be sufficient to substantially reduce recombination in mouse embryonic stem cells; loss of MSH2 in these cells largely restores recombination levels (de Wind et al., 1995; Elliott and Jasin, 2001; Larocque and Jasin, 2010) . Thus, heteroduplex rejection may have a higher threshold for sequence divergence in meiotic cells than in mitotic cells so as not to suppress inter-homolog recombination. A greater tolerance for mismatches may be due the ability of the meiosis-specific recombinase DMC1 to accommodate mismatches within heteroduplex DNA (Lee et al., 2017; Steinfeld et al., 2019) .
MSH2 acts to correct heteroduplex DNA in mice
Our data indicate that MSH2 corrects mismatches in meiotic crossover intermediates. Mixed tracts, indicative of heteroduplex DNA retention, were obtained in the absence of MSH2 at a substantial frequency at both hotpots. Complex tracts were similar in length and position to mixed tracts, suggesting that they originated from heteroduplex DNA that was corrected in an MSH2-independent manner. At the less polymorphic C1 hotspot, mixed and complex tracts were detected in the absence of MSH2 in 27% of crossover products, while at the highly polymorphic A3 hotspot, they were detected in nearly 40% of crossover products. The remaining crossover products showed no evidence of a heteroduplex DNA intermediate. The detection of heteroduplex intermediates relies on amplification of both DNA strands; if only one strand were amplified a significant fraction of the time, we would underestimate the frequency of mixed tracts and, hence, heteroduplex DNA. Extrapolation to 100% amplification efficiency, however, still predicts a substantial frequency of simple crossover products (see STAR Methods -Experimental Model and Subject Details).
Another notable finding of our study was the presence of mixed and complex tracts at the A3 hotspot in wild-type mice, above what would be expected based on Poisson correction for multiple events in a single well. Mixed tracts in wild type differ in that they more often involve only a single polymorphism (42%, 22/53) compared to the mutant (16%, 16/103; p=0.0007, Fisher's exact test). Persistent heteroduplex DNA was also found in meiotic recombination products in wild-type yeast in a genome-wide survey (10% of all events; (Mancera et al., 2011) ). In normal human sperm, complex patterns have also been detected in crossovers, albeit infrequently (Arbeithuber et al., 2015) . All together, this suggests that some mismatches escape detection and repair by MSH2-dependent processes, and this may be more likely at highly polymorphic hotspots like A3.
Complex tracts formed in the absence of mismatch repair components have been observed in several organisms (Crown et al., 2014; Fleck et al., 1999; Guillon et al., 2005; Martini et al., 2011) . Mlh1 -/mice, which unlike Msh2 -/mice, are defective in crossover formation as well as canonical mismatch correction, produce a small number of crossovers, and some of these contain both mixed and complex tracts, similar to what we observe in our Msh2 -/mice (Guillon et al., 2005; Svetlanov et al., 2008) . In fission yeast and Drosophila mismatch repair mutants, complex tracts are eliminated when nucleotide excision repair is also disrupted, indicating short patch repair (Crown et al., 2014; Fleck et al., 1999) . Short patch repair has also been described in mammalian cell extracts (Krokan et al., 2000; Sugasawa, 2016) , which could also be active in meiotic cells in the absence of MSH2. In budding yeast there is no evidence that nucleotide excision repair is linked to the formation of complex tracts in the absence of mismatch repair (Coïc et al., 2000) , leading investigators to invoke alternative mechanisms, such as template switching and nick translation, to explain their origin (Marsolier-Kergoat et al., 2018) .
Crossover resolution is biased
The crossover patterns we observe suggest that double Holliday junction resolution is biased to favor one of the two hypothetical configurations (filled arrowheads, Figure 7A ). In principle, this bias could arise during MLH1-MLH3-dependent resolution of either a fully ligated double Holliday junction or an unligated structure. Resolution in the former case requires four nicks, while resolution in the latter case only requires two nicks. Unlike in mouse, In which ~90% of meiotic crossovers are MLH1-MLH3 dependent (Baker et al., 1996; Guillon et al., 2005; Lipkin et al., 2002; Svetlanov et al., 2008; Woods et al., 1999) , a significant fraction of meiotic recombination intermediates in budding yeast are resolved by structure-specific nucleases (Zakharyevich et al., 2012) . However, it is notable that the same resolution bias we observe in mouse has recently been demonstrated for Mlh1-Mlh3-dependent crossovers in yeast (Marsolier-Kergoat et al., 2018) .
How crossover resolution bias is achieved is as yet unclear. In principle, nicks or gaps at 3' ends in an unligated double Holliday junction would provide the asymmetry necessary to bias subsequent nicking to favor one crossover configuration ( Figure 7A ), as has also been proposed for budding yeast and Drosophila (Crown et al., 2014; Foss et al., 1999; Marsolier-Kergoat et al., 2018) . It is attractive to consider that this same asymmetry could also drive resolution specifically away from generating noncrossovers, given that noncrossovers are known to occur by a distinct pathway from crossovers in mice (Cole et al., 2014) . Although less parsimonious, the alternative remains possible that a crossover-to-noncrossover bias is enforced by a different mechanism than a crossover resolution configuration bias (Marsolier-Kergoat et al., 2018) .
Alternatively, it has been argued that biased resolution of ligated (or unligated) substrates could be directed by proteins that promote Mlh1-Mlh3-dependent crossing over (Manhart et al., 2017) . For example, the first junction formed by strand invasion and repair synthesis could accumulate proteins that stabilize this intermediate, which then direct Mlh1-Mlh3 activity in a preferred configuration, such as PCNA and Msh4-Msh5 (Manhart et al., 2017) . Biochemical studies with the yeast complex suggest that it functions in a manner distinct from well-characterized structure-specific nucleases by forming higher order polymer structures (Claeys Bouuaert and Keeney, 2017; Manhart et al., 2017; Ranjha et al., 2014; Rogacheva et al., 2014) , which could enforce this bias. Regardless of mechanism, directed resolution of double Holliday junctions appears to restrict the outcome of recombination to one particular crossover configuration, rather than the four possible outcomes (two crossover and two noncrossover) that were originally proposed (Szostak et al., 1983) .
Origins of simple crossover products
The original DSB repair model predicts heteroduplex DNA to be present in all intermediates giving rise to crossovers (Szostak et al., 1983) (Figures 7A, S5A) . Remarkably, at the highly polymorphic A3 hotspot, fewer than half of Msh2 -/crossover products showed evidence of a heteroduplex intermediate. An MSH2-independent repair process, e.g., short patch repair, could transform a portion of heteroduplex-containing intermediates into both simple and complex crossover products ( Figure S6 ). However, this is unlikely to explain most of the simple crossover products at A3 since heteroduplex tracts often encompass several polymorphisms, and short patch repair appears to be inefficient as we observe many complex tracts which retain mismatched polymorphisms ( Figure 6B ).
Instead, our results suggest that heteroduplex DNA is retained on just one chromatid. This could be achieved by D-loop migration, which was initially proposed to explain the absence some types of aberrant segregation in yeast (Szostak et al., 1983) : After strand invasion of one end, DNA repair synthesis moves or extends the D loop past the hotspot center, concomitant with disassembly of heteroduplex DNA arising from strand invasion ( Figures 7B, S5B ). Alternatively, strand invasion could form only very limited heteroduplex DNA. The heteroduplex DNA that gives rise to mixed tracts when MSH2 is absent would therefore primarily arise from engagement of the second end by the D loop, consistent with findings from budding yeast in which heteroduplex DNA is physically observed only in later recombination intermediates (Allers and Lichten, 2001a; Schwacha and Kleckner, 1994) . Subsequent double Holliday junction resolution results in one simple crossover product and one with heteroduplex DNA. Resolution by configuration #1 is again favored, because it gives rise to heteroduplex DNA with the sidedness that we observe ( Figure 7B , S5C).
In this scenario, one or more mechanisms must exist to shift exchange points at the invading end away from the hotspot center without creating heteroduplex DNA, consistent with our observations. For example, gap formation from either 3' to 5' end degradation (Szostak et al., 1983) , flap removal after invasion from an interstitial site Paques and Haber, 1997) (Figure 7Ci) , and/or proofreading by the repair polymerase to degrade the invading strand at mismatches (Anand et al., 2017; Guo et al., 2017) (Figure 7Cii ) would all shift the exchange away from the DSB. In these scenarios, the initial invading end and the subsequent "captured" end would undergo distinct processing steps. One prediction is that differential processing could lead to different exchange points for the simple and mixed/complex crossover products. In agreement with this, we observe that exchanges in the simple crossover products are more often outside the hotspot center compared to those from mixed and complex crossover products ( Figure S7A , S7B), in that simple crossover products have exchanges which are further from the hotspot center, on average, than mixed or complex crossover products ( Figure S7C ).
Studies in budding yeast, including recent genome-wide studies in an msh2D mutant, have also identified crossovers in which heteroduplex DNA was present on one crossover product but not the other, often termed one-sided events (Gilbertson and Stahl, 1996; Marsolier-Kergoat et al., 2018; Martini et al., 2011; Merker et al., 2003; Porter et al., 1993) . D-loop migration after strand invasion has also been invoked to explain many of these events. The complexity of meiotic products observed in yeast is enormous, leading to the proposal of a number of other variations to the canonical DSB repair model (Marsolier-Kergoat et al., 2018; Martini et al., 2011) . Nonetheless, it is noteworthy that although some aspects of meiotic recombination differ substantially between yeast and mammals, mechanisms of recombination, including biased crossover resolution and D-loop migration leading to one-sided events, appear to be shared. 
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(B) The proportions of simple, mixed or complex crossover products at C1 (i) and A3 (ii) in wildtype and Msh2 -/mice (two mice of each genotype for C1 and three for A3). n = total crossover products. The Poisson-predicted percentages of positive wells expected to contain more than one crossover product are indicated below. Maps showing the fraction of mixed polymorphisms within the entire population of crossover products across the hotspot for each genotype are shown below each pie chart. (C) The minimum length of mixed tracts at the A3 hotspot from Msh2 -/mice was plotted separately for the D-to-A and A-to-D orientations. The lengths are not significantly different. (D) The minimum lengths of D-to-A mixed tracts consisting of more than 1 polymorphism were similar to the minimum lengths of all D-to-A complex tracts at A3 from Msh2 -/mice. P values in (C,D) from Mann-Whitney tests. Figure 5 . Open arrowheads indicate the complex crossovers in Msh2 -/that potentially conform to pattern 2 in Figure 7A . (C) The minimum mixed tract lengths at A3 in Msh2 -/mice are plotted for mixed crossover products which conform to pattern 1 and for complex crossover products which could potentially conform to pattern 2 (indicated by open arrowheads in B). Most mixed tracts from pattern 2 encompassed just a single polymorphism, and were on average 14.5-fold shorter than the mixed tracts from pattern 1 (p≤0.0001, Mann-Whitney test). Figure S5A ) leads to resection, strand invasion, and second end capture. This intermediate may mature into a fully ligated double Holliday junction (dHJ), or may be acted on by resolvases with nicks still present (dashed pathway). Single-strand cleavage at the four (ligated dHJ) or two (unligated dHJ) filled arrowheads will yield crossover pattern #1, while cleavage at the four open arrowheads will yield crossover pattern #2. The downward arrows and vertical black lines indicate the DSB position. Below these products are schematic representations of crossovers with mixed tracts indicated by purple brackets and complex tracts indicated by green brackets. Below this is the pattern that would be expected in wild type after mismatch correction. (B) Dloop migration model to account for abundance of simple crossovers. Initial strand invasion from each end is shown separately, yielding different crossover products. After strand exchange, repair synthesis and strand unwinding causes co-directional D-loop migration, so that the D-loop 
ends up on one side of the break. Subsequent second-end capture by the D-loop creates a new heteroduplex tract, and resolution of the double-Holliday junction by configuration #1 will produce one simple crossover product and one with a heteroduplex DNA tract. With frequent breaks on the D chromosome at the A3 hotspot, this simple model can produce crossovers with the patterns we observe, namely, many simple crossovers, D-to-A crossovers with a mixed tract to the left of the hotspot, and A-to-D crossovers with a mixed tract to the right. (C) Alterations to the model presented in (B) that shift the simple crossover exchanges away from the hotspot center. (i) Strand exchange at an interstitial position of the DMC1/RAD51 nucleoprotein filament, followed by cleavage of the distal 3' ssDNA end. Repair synthesis proceeds from the clipped end, causing the exchange in the simple crossover product to be shifted away from the hotspot center. (ii) The repair DNA polymerase can detect mismatches at the 3' end of the invaded strand, which will ultimately cause the exchange to be modestly shifted away from the center in the resulting simple crossover. The crossover with heteroduplex DNA has an exchange point defined by the 3' end of the non-invading broken strand, or, by the position/length of the D-loop prior to resolution. Figure S1 . Global frequency of MLH1-positive crossovers is not affected by MSH2. Chromosome spreads from wild-type and Msh2 -/-F1 hybrid mice were immunostained with antibodies directed against the axial component SYCP3, and MLH1, a marker of crossoverdesignated sites. Each dot is the number of MLH1 foci counted in a pachytene cell. n= number of cells. P value is from unpaired t test. Partial DNA sequence of the A and D chromosomes of the C1 hotspot, which is located in the middle region of chromosome 1. The center of DSB activity, i.e., the hotspot center, is indicated by the arrow at 0 bp. Polymorphisms are indicated by their distance from the hotspot center. The sequence matching the consensus PRDM9 binding motif is indicated with a black box (see (Yamada et al., 2017) ). The genotype of both alleles of the indel cannot be determined by dot blotting, due to its repetitive nature, so a PCR-based strategy was employed on crossover products using forward and reverse universal primers (indicated in purple). Representative images from ethidium bromide-stained 5% polyacrylamide gels are shown with control reactions that are seeded with 100% A template, 100% D template or a gradient mixture of both. The sizes of the products are indicated to the left of the gel. When both alleles are present an additional band appears, indicated by the asterisk. Experimental wells contain crossover products. An experimental well which contains both alleles at the indel (a mixed crossover product) is indicated by the hash mark. For noncrossovers, PCR genotyping is not possible (see Figure S3B ), however, the larger A allele at the indel can be genotyped by hybridization. (B) As in (A) but at the A3 hotspot, which is located more distally on chromosome 1. The -10 oligonucleotide probe spans two SNPs, as indicated. M, DNA size marker. The only products are crossovers Some wells also have a noncrossover product Rare wells also have a crossover product Figure S3 universal reverse primers (only A to U is shown, D to U is not shown). Thus, parental molecules are amplified in each well. Those wells that also contain recombinant molecules are detected by replica dot blotting PCR products onto multiple nylon membranes and probing with ASOs. Both noncrossovers and crossovers are detected with this assay, although crossovers are not further analyzed since they are less frequent and heteroduplex DNA cannot be inferred, given the parental DNA amplification. (C) Simple crossover products are scored as having a single exchange interval, while mixed and complex crossover products are scored as having two exchange intervals, each given a score of ½, which flank the mixed or complex tracts, respectively. Each ½ exchange interval is bounded by a parental polymorphism (indicated by light blue and pink polymorphisms) and the first/last polymorphism in the mixed or complex tract (indicated by purple, red, or blue polymorphisms). (D) Mixed crossover products can derive from a single crossover product containing uncorrected heteroduplex DNA, or from two simple crossover products with staggered exchange points. The frequency of the latter case is estimated assuming a Poisson distribution. Each strand contains polymorphisms from one parental haplotype within the mixed tract 1)
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Each strand contains switches between parental haplotypes within the mixed tract Figure S4 . Crossover product subclones reveal a lack of trans heteroduplex DNA. The DNA from wells containing mixed or complex crossover products from one Msh2 -/mouse was cloned, and bacterial subclones were streaked on agar plates, replica plated, lysed, and probed with the same allele-specific oligonucleotide probes as used for the crossover assay. In this way, we can distinguish the individual stands of DNA which make up a mixed or complex dot blot pattern (Cole and Jasin, 2011) . (A) For a tract of more than two mixed polymorphisms, we can distinguish 1) simple heteroduplex DNA, 2) trans heteroduplex DNA, and 3) wells which contained more than two distinct strands (i.e., multiple recombinant molecules seeded in the same well). For each case, only the most likely scenario is indicated but other possibilities exist. Two crossover products with simple exchanges in the same well will appear to have simple heteroduplex DNA (1), the frequency of which is estimated assuming a Poisson distribution. (B) Haplotype phasing information for recombinants with mixed or complex tracts. The original dot blot hybridization pattern for each well is indicated with thick colored lines. Polymorphisms typed in the subclones are represented as blue or red filled circles. Only a few informative polymorphisms were typed for each clone. The genotype for the rest of the strand is inferred and represented by the thin dotted blue and red lines. Gray lines represent the inferred interval of exchange between parental and the mixed (or complex) tract. To the left are the numbers of individual subclones recovered with the indicated pattern. Patterns recovered from only one subclone are not shown. Mixed crossover products were never found to have strands which switched parental haplotypes within the mixed tract (class 2 in panel A), indicating a lack of trans heteroduplex within crossovers. Complex crossover products without mixed polymorphisms (types i and iii in Figure 3A ) all yielded only identical subclones, confirming that complex crossover patterns are not the result of two independent crossover products seeded in the same well. Complex crossover products with mixed polymorphisms (type ii in Figure 3A ) yielded two distinct subclone patterns. Type ii may arise from correction of one or more mismatched polymorphisms within a heteroduplex tract, whereas types i and iii may arise from correction of all mismatched polymorphisms. Figure 7B and Figure S5B , but with resolution configuration #2 rather than resolution configuration #1. Note that with D-loop migration, resolution configuration #2 does not produce complex crossovers as in Figure 7A . However, the sidedness of crossovers obtained with D-loop migration and resolution configuration #2 is opposite of what we observe. For example, with the majority of DSBs on the D chromosome, D-loop migration and resolution configuration #2 would produce A-to-D crossovers with the mixed tract on the left, and D-to-A crossovers with the mixed tract on the right. These events are underrepresented in our dataset. Figure S6 . The majority of simple crossovers at A3 are unlikely to arise from MSH2independent repair of mismatches. In principle, a proportion of heteroduplex-containing intermediates can be transformed into either simple or complex crossovers via MSH2independent repair. For a heteroduplex tract with x number of polymorphisms, the number of possible states, n, is 2 (for both possible genotypes) if repair is assumed to be complete. If repair is not complete, then n = 3 (genotype 1, genotype 2, or unrepaired). The number of possible outcomes, and types of outcomes, can be predicted, assuming that each polymorphism is repaired (or not) randomly and independently of its neighbor. (A) If each mismatch is corrected independently in either direction, then the fraction of simple repair Figure S6 products is inversely proportional to the number of polymorphisms within the heteroduplex tract.
In the case of a heteroduplex tract containing two polymorphisms, 75% of repair products are expected to be simple and only 25% complex, while for three polymorphisms, 50% are expected to be simple and 50% complex. With four or more polymorphisms included in the heteroduplex tract, the majority of repair products are complex. (B) The estimates in (A) include only two possible outcomes -mismatch repair at each polymorphism without retention of heteroduplex DNA; thus, it overestimates the occurrence of simple events. For example, if a mismatch is equally likely to be repaired in either direction or not repaired at all, a crossover with two polymorphisms in the heteroduplex tract would be expected to result in a simple event only 33% of the time, rather than 75% of the time if repair was complete. At C1, mixed tracts in the Msh2 -/mutant encompass on average 2 polymorphisms (2.0 for A to D and 2.4 for D to A) ( Figure 5A ). Given that mixed tracts comprise a much greater fraction of events (23.9%) than complex events (2.8%) ( Figure 3B ) and most of the complex events retain mixed polymorphisms ( Figure 5B ), MSH2-independent correction of mismatches is unlikely to be highly robust.
At A3, mixed tracts encompass an average of 2.8 polymorphisms in the A-to-D orientation and 6.1 polymorphisms in the D-to-A orientation ( Figure 5A ). Thus, especially in the latter case, only a fraction of simple events are expected to arise from MSH2-independent correction if all polymorphisms are treated independently. However, some closely-spaced polymorphisms may be co-repaired, effectively lowering the number of repair outcomes. In particular, considering closely-spaced polymorphisms within the context of a complex tract which has additional flanking complex polymorphisms, repair of each frequently occurs in the same direction, rather than the expected 50% if they are independently repaired: i.e., for D to A, -455/-432, 5 of 6; -384/-376, 10 of 12; -80/-72, 4 of 4. Outside Outside p = 0.0009 p ≤ 0.0001 p = 0.37 p = 0.0006 p ≤ 0.0001 p = 0.54 p = 0.0005 p = 0.59 p = 0.078 p < 0.0001 p = 0.097 p = 0.73 Position of exchange: Figure S7 Figure S7. Exchanges of simple crossovers are further from the hotspot center than those containing heteroduplex DNA. (A) We define the DSB hotspot based on SPO11 oligo maps obtained from B6 mice. The A3 hotspot is 250 bp wide, which places the left boundary at the -123 polymorphism and the right boundary at the +104 polymorphism. Crossover exchanges in Msh2 -/mice at A3 were categorized as falling inside or outside of these boundaries, separately for simple, mixed and complex crossovers. To plot the distance of the exchange from the center of the hotspot, we used the midpoint of the exchange interval as the position of exchange. (B) The percentage of simple, or mixed and complex (grouped together) crossovers with exchanges that fall inside or outside of the A3 hotspot are plotted, separated by orientation. The number of crossovers is shown below the graph. The difference between the simple crossovers and the heteroduplex DNA-containing crossovers is significant in wild-type and Msh2 -/mice for both A-to-D and D-to-A orientations (Fisher's exact test). (C) The distance from the A3 hotspot center of each crossover exchange (as defined in (A)) was plotted for each type of crossover, orientation, and genotype separately. The average distance and number of crossovers in each group are indicated below the graph. The simple crossover exchanges were significantly farther from the hotspot center than either the mixed or complex (Mann-Whitney test) while the mixed and complex exchanges were never significantly different from each other. The simple crossover products have exchanges that are, on average, 2-fold closer to the hotspot center than mixed or complex crossover products in Msh2 -/mice. Smits, et. al., 2000. RRID:MGI:4355514 Inbred A/J mice for backcrossing Msh2 +/mice The Jackson Laboratory Strain # 000646; RRID:IMSR_JAX:000646 Inbred DBA/2J mice for backcrossing Msh2 +/mice The Jackson Laboratory Strain # 000671; RRID:IMSR_JAX:000671 Oligonucleotides All oligos used for PCR assays and Southern dot blotting, See Supplemental Information, Table 3 .
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LEAD CONTACT AND MATERIALS AVAILABILITY
Further information and requests for mouse strains and reagents should be directed to and will be fulfilled by the Lead Contact, Maria Jasin (m-jasin@ski.mskcc.org).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Amplification efficiency and crossover assays from Msh2 -/mice at the A3 hotspot (see table  below ). The amplification efficiency for each sperm DNA sample was tested by seeding each well with 12 pg DNA, which is on average two copies of A and two copies of D target sequences (4 sperm total). Amplification is performed with each A-S oligo set being tested and an opposing universal oligo, in nested PCR reactions. The amplification adjustment factor (AAF) was determined for each A-S oligo set and DNA sample, in some cases twice, as indicated, to refine the AAF. For the crossover assayeither A to D (rows shaded blue) or D to A (rows shaded red)-the lower value of the AAF from the two A-S oligo sets is used to calculate the amount of input DNA to give 200 amplifiable haploid genomes per well (bold, shaded yellow). In the cases where the amplification efficiency assay was repeated, the amplifiable haploid genomes per well calculated from the seeded DNA per well was adjusted to reflect the new AAF.
The number of wells containing at least one crossover product (and the total number of wells assayed) is used to calculate µ, the average frequency of positive wells; the crossover frequency is calculated by dividing µ by the number of haploid genomes seeded in each reaction. The percent positive wells containing >1 crossover product is estimated based on the Poisson approximation and the value of µ. The percentage of wells containing crossover products with mixed polymorphisms (inferred) is the total percent of positive wells with a mixed crossover product minus the Poisson approximation of the percentage of positive wells containing more than one crossover product.
Estimate of crossover products arising from intermediates with heteroduplex DNA.
As is seen in the graph below, the inferred percentage of wells containing crossover products with mixed polymorphisms increases somewhat with the amplification efficiency. With an amplification efficiency of 1.0, the percentage of wells containing crossover products with mixed polymorphisms, and hence heteroduplex DNA, is extrapolated to be 46.5%. Complex crossover products are postulated to arise from recombination intermediates with heteroduplex DNA; those without mixed polymorphisms are only 10.6% of total (49 / 463). Thus, we estimate that crossover products arising from intermediates with heteroduplex DNA are maximally 57.1% of total. 
METHOD DETAILS
Mouse care. The care and use of mice in this study were performed in accordance with a protocol approved by the Institutional Animal Care and Use Committee (IACUC) at Memorial Sloan Kettering Cancer Center (MSKCC). Mice were housed under Federal regulations and policies governed by the Animal Welfare Act (AWA) and the Health Research Extension Act of 1985 in the Research Animal Resource Center (RARC) at MSKCC, and was overseen by IACUC.
Mice husbandry and genotyping. Wild-type inbred mice were obtained from Jackson Laboratory (A/J stock #000646, DBA/2J stock #000671). Msh2 tm1Rak/+ mice were a gift from W. Edelmann (Smits et al., 
